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Abstract 
Aim 
The aim of this research was to contribute to clinical implementation of the small field 
dosimetry Code of Practice (CoP) that is due to be published by the International Atomic 
Energy Agency (IAEA) in collaboration with the American Association of Physicists in 
Medicine (AAPM) (1). A 6 cm × 6 cm virtual machine-specific reference (fmsr) field was 
established in a clinical 
60
Cobalt teletherapy beam used for conventional radiotherapy at 
Charlotte Maxeke Johannesburg Academic Hospital, and relative output factors were 
measured down to a set field size of 1 cm × 1 cm using three different models of 
Physikalisch-Technische Werkstatten (PTW) small field ionization chambers.  
Materials and Methodology 
The measurements were all performed on a Cobalt teletherapy unit (MDS Nordion Equinox, 
S/N 2009) in a PTW MP3 water phantom. The small field ionization chambers that were used 
were a PTW 31016 3D pinpoint 0.016 cm
3
, a PTW 31006 pinpoint 0.015 cm
3
 and a PTW 
31010 semiflex 0.125 cm
3
. A calibrated PTW 30013 Farmer 0.6 cm
3
 ionization chamber was 
used to provide traceability for the cross calibration. A ―daisy chain‖ methodology was used 
to perform the cross calibration in a virtual fmsr field of 6 cm × 6 cm and then establish the 
absolute dose rate in a 4 cm × 4 cm field. Relative output factors as a function of field size 
were measured with each small field ionization chamber and then compared to published 
results.  
Results 
Small square fields from a 
60
Cobalt beam were created using the secondary collimators 
integrated into the unit. Equivalent square fields were calculated using the profiles obtained 
by the three ionization chambers during scanning and were in agreement with the ones that 
were programmed into the console. The coincidence of the central axis of the beam and the 
point of measurement for each detector was determined from the beam profiles.  The cross 
calibration and daisy chain measurements resulted in a consistent dose rate of within + 0.6% 
in the 4 cm × 4 cm field when measured with the four different ionization chambers. For 6 
cm × 6 cm, 4 cm × 4 cm, 3 cm × 3 cm and 2 cm × 2 cm field sizes, relative output factors 
obtained from the uncorrected detectors’ response agreed to within + 0.8 % between the three 
small field ionization chambers. The variation in the 1 cm × 1 cm field size was + 8.1 %. 
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When compared to published data, large differences in field size correction factors were 
obtained.       
Conclusion 
Small field dosimetry in a 
60
Cobalt photon beam using three different PTW small field 
ionization chamber models was investigated. A cross calibration in a virtual msr field was 
done followed by a daisy chain process to determine the dose rate in a small field. Dose 
profiles and relative output factors were then measured and compared. The lack of lateral 
charge particle equilibrium and volume averaging effect was evident when using the PTW 
31010 semiflex chamber in a 1 cm × 1 cm field. The PTW 31006 pinpoint and 31016 3D 
pinpoint were in close agreement for field sizes down to 1 cm × 1 cm with the 3D pinpoint 
performing as the best detector in this study. The optimal positioning of a detector should be 
determined from beam profile scans and not the engineering diagrams. The PTW 31016 3D 
pinpoint and PTW 31006 pinpoint are recommended for the determination of output factors 
in small field sizes. However, field output correction factors are required for both detectors in 
field sizes under 2 cm × 2 cm. Small field data published in the British Journal of Radiology 
(BJR) Supplement 25 (2) should not be used to benchmark dosimetry in modern 
60
Cobalt 
teletherapy units.  
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Chapter 1. Introduction and Aims 
 
The aim of this research was: 
 To contribute to clinical implementation of the small field dosimetry Code of Practice 
(CoP) that is due to be published by the International Atomic Energy Agency (IAEA) 
in collaboration with the American Association of Physicists in Medicine (AAPM) 
(1) .  
 To establish a 6 cm × 6 cm virtual machine-specific reference field in a clinical 
60
Cobalt teletherapy beam used for conventional radiotherapy at Charlotte Maxeke 
Johannesburg Academic Hospital (CMJAH) and then determine the dose rate in a 4 
cm × 4 cm field.  
 To measure and compare output factors down to a set field size of 1 cm × 1 cm using 
three different models of Physikalisch-Technische Werkstatten (PTW) small field 
ionization chambers. 
Radiation therapy plays an important role in fighting cancer and other malignant diseases (3). 
Small radiation fields e.g. stereotactic radiosurgery and radiotherapy, have been used for 
many decades before the introduction of advanced technologies (4). Recently the number of 
modalities that use small radiation fields have increased. These modalities allow the delivery 
of high doses to small volumes (5).  
Small radiation fields exhibit complex dosimetry (6). One of the challenges is the absence of 
an international CoP that is dedicated solely to small radiation fields. The IAEA in 
collaboration with the AAPM are currently developing a small field dosimetry CoP and this 
work forms part of a coordinated research project to test its implementation in the clinical 
setting (1). 
Physics challenges in small field dosimetry that have been identified in many studies (5; 7; 8; 
9) include:  
 Lack of secondary electron equilibrium. 
 Detector volume averaging effect. 
 Perturbation of the photon fluence by a detector. 
 Complex modelling of small field. 
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Small field detectors are being developed and tested continuously. These detectors are ideally 
physically small i.e. volume < 0.0125 cm
3
, not dependent on dose rate, have no directional 
influences and have improved spatial resolution (5; 10). In this research, three PTW different 
models detectors were used to determine the dose rate and output factors in a 
60
Co teletherapy 
unit according to the methodology in the IAEA/AAPM CoP that is in press (1). 
 
1.1 History of Radiation therapy 
 
Cancer is a public health crisis throughout the world and is responsible for just over a quarter 
of all deaths. It exceeds mortality due to cardiac diseases, which in many countries, were the 
leading causes of death to people below the age of 85 in 2007 (11; 12). In 2020, An 
approximation of about 20 million new cases are expected internationally; these new cases 
will mostly affect the population in developing countries where there are more people and 
less financial resources (13). Prior to the introduction of ionizing uncharged and charged 
particle beams, the field of medicine had limited modalities for controlling and treating 
cancer. Radiation therapy advanced over four major stages. The first stage was the discovery 
of x-rays by Wilhelm Roentgen in 1895 followed by the discovery of radioactivity by Henri 
Becquerel (1896) and of radium by Marie Curie (1898) (14). Both x-rays and radium sources 
were quickly adopted for medical applications (14). X-rays were applied in radiation 
medicine in 1920 (11). The second stage was the introduction of kilovoltage x-ray therapy in 
the late 1920s and this continues to today. 
 
The treatment of deep-seated tumors was limited by the maximum energy of the x-ray tube. 
In the 1920s, physics and engineering developments led to an in depth knowledge of 
subatomic particles and this contributed to an increase in the radiation energies available to 
medicine (15). The third stage was the development of megavoltage energies between the 
years 1946 – 1996. 60Cobalt teletherapy was employed as a source of high energy gamma 
rays for external beam radiotherapy followed by linear accelerators (LINACs). 
60
Cobalt 
produces gamma rays of 1.17 and 1.33 MeV. The 1.25 MeV average energy allows 
penetration of the beam to deeper tumors with skin sparing. The last stage refers to 
developments in techniques that are associated with advances in technology (11; 15). Figure 
1.1 shows a 
60
Cobalt teletherapy unit. 
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Figure 1.1: MDS Nordion Equinox, (S/N 2009) 
60
Cobalt teletherapy unit at Charlotte 
Maxeke Johannesburg Academic Hospital. 
Charged particle therapy (CPT) or hadron therapy was mostly developed by nuclear and 
medical physicists (16). The idea of accelerating ions for therapeutic purposes arises from 
their useful depth dose distributions inside the tumor (17). In 1946, R Wilson who was a 
student at the University of California, proposed the therapeutic use of protons for treating 
deep seated cancer cells (16). Proton radiotherapy has become an advanced CPT and the 
therapy of heavier ions (i.e. 
12
Carbon) has become even more attractive. CPT allows a 
reduction of the dose delivered to organs at risk (OARs) as compared to photon therapy (17). 
The Bragg curve of charged particles makes these modalities able to deliver radiation dose to 
some tumors better than photons. CPT has also been successfully employed in small field 
treatments (18). The same challenges in small proton field therapy dosimetry exist as in small 
photon field dosimetry because CoPs only apply to reference dosimetry in conventional fields 
(18).  
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1.1.1 60Cobalt teletherapy unit 
  
In a 
60
Cobalt teletherapy unit, the radiation source is usually at a distance of 80 or 100 cm 
from the isocentre whereas in LINACs, the isocentre is 100 cm from the focal spot (19). The 
advantages of 
60
Cobalt sources are its high energy of emitted photons, long half-life, high 
specific activity, and large specific air kerma rate constant        (20). 
60
Cobalt teletherapy 
units have low operating costs (20), and decreased maintenance and downtime as compared 
with LINACs (21). 
60
Cobalt is produced by bombarding 
59
Cobalt with neutrons inside a 
reactor (22). Sources of very high specific activity amounting to 300 Ci/g and high source 
strength of about 10 kCi are used in teletherapy machines (23). Figure 1.2 shows a schematic 
diagram of a 
60
Cobalt teletherapy unit head. 
 
Figure 1.2: The schematic drawing showing the head of a 
60
Cobalt unit. Note where the 
source is kept when the beam is off and how it is shielded for safety (24) . 
Although LINACs offer different beam characteristics such as lower penumbra, higher 
energies and rapid treatments, they are more expensive, require a more sophisticated 
infrastructure and are highly complex. In low and middle-income countries and most African 
countries, 
60
Cobalt teletherapy units may be more suitable than LINACs (25; 26; 27).  
The simplicity of a 
60
Cobalt teletherapy unit gives added advantages of less downtime, less 
maintenance and running costs when compared with LINACs. Another important advantage 
11 
 
of 
60
Cobalt teletherapy units is the ability to use 
60
Cobalt beam for conformal and intensity 
modulated radiotherapy (IMRT) which are considered to be advanced treatment techniques 
(28).  
 
1.2 Detectors 
 
1.2.1 Introduction 
 
Modern radiation therapy requires the precise, secure and ―reproducible delivery of complex 
three dimensional (3D) radiation dose distributions‖. National and international requirements 
for medical radiation safety and traceable calibration must also be satisfied (29). Radiation 
detectors used in radiation therapy therefore play a very important supporting role in 
performing dosimetry measurements. A range of unique detector systems are utilised for 
different types of dosimetry measurements (30). The two major types of the measurements 
are:  
1 Quality assurance of equipment, and  
2    Verification of treatment delivery.  
The main types of detectors fall into the following groups: detectors used to estimate point 
doses e.g. air ionization chambers, semiconductor detectors, thermoluminescent detectors 
(TLDs), etc. and detectors for planar dose e.g. radiographic film and electronic portal 
imagers. (31).  
 
1.2.2 What are detectors? 
 
A detector is a sensitive device that is capable of providing a reading (r) that is a measure of 
the absorbed dose (Dg) deposited in the device’s sensitive volume (V) by the ionizing 
radiation. If the dose is not distributed uniformly throughout the sensitive volume of the 
detector, then r is a measure of the average value of the dose (Dg) (32). Figure 1.3 shows a 
schematic representation of a detector. 
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Ideally, radius (r) is considered to be directly proportional to (Dg), and each volume element 
of (V) has equal influence on the value of (r) which means that (Dg) is in fact the mean dose 
throughout the volume (V). This principle is often but not always well approximated in 
practical detectors. A detector can be treated in terms of cavity theory. The sensitive volume 
(V) can be taken as the cavity which may contain gas, liquid or solid medium (g), depending 
on the type of a detector. Cavity theory gives one of the most useful means of interpretation 
of a detector reading (32; 33).  
 
1.2.3 Types of detectors 
 
1.2.3.1 Ionisation chamber 
 
The absorbed dose in any medium cannot be measured easily, especially by direct methods. 
When dosimetry measurements are being performed using an ionization chamber, they are 
based upon replacing a small volume of the medium by an air cavity in which the ionization 
V
r 
g 
w 
t 
Figure 1.3: Schematic representation of a detector as a sensitive volume (V) containing 
medium (g), surrounded by a wall of medium (w) and thickness (t) (33).  
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of air by the radiation can be measured and to which the dose to the medium can be related. 
When a medium is uniformly irradiated by electrons, the fluence of electrons will be the same 
at all points within the medium. If a small air cavity of a certain size is used such that it does 
not bring about changes to the energy spectrum or the number of electrons in the cavity (i.e. 
does not perturb the electron fluence), then the fluence of electrons in the air is the same as it 
would be in the medium. The cavity is then termed a Bragg- Gray cavity (34).  
 
The construction of an ionization chamber may introduce perturbations both to the fluence of 
electrons crossing the air cavity and to the photon beam itself. A wall of infinitesimally small 
thickness may be considered as having no impact on either, such that the chamber is 
effectively an air cavity within the medium. In small field dosimetry, in a case where the 
density of the sensitive volume of the detector is high, the detector will over respond and 
when low, the detector will under respond (35). As the wall increases in thickness, an 
increasing percentage of the secondary electrons crossing the air volume will be from the 
wall rather than the medium until, in the extreme, all electrons crossing the air volume 
originate from within the wall. In this situation, the electron fluence across the air volume is 
the same as the fluence within the wall, and the ionization can then only be related to the dose 
to the wall (36). The existence of extra-cameral components of high atomic number (Z) can 
result in an increase of the detector response when used in small field dosimetry (35). 
 
1.2.4 Detector requirements 
 
i. Stability 
 
All the measurements of any parameter taken using a detector have an uncertainty that is a 
combination of the uncertainties related to the measuring device itself coupled with the 
uncertainties in the methodology that has been used in the measurement and the inconstancy 
of the actual parameter that is being measured. ―The combined stability of the whole 
measurement system, adding the variations in the beam output is denoted by the standard 
deviation of measurements taken where all the controllable conditions of irradiation remain 
the same. Non-stabilities can lead to modifications in the detector response due to the 
irradiation history of the system, and a requirement is that the short term detector response 
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should be less than 0.1 percent for a total combined dose of many hundreds of kGy from 
numerous exposures (10). When recalibration is not performed frequently, the correction for 
non-stabilities over time can be made only if the effect of non-stabilities is consistent. Non-
reversible degrading of the detector may lead to long term changes (7)‖.  
 
ii. Energy response 
 
Detectors that are used in small field sizes should have a useful energy range up to 30 MeV 
for photons (37). Mass energy absorption coefficients ( 
   
 ⁄ ) and collisional stopping power 
(  ⁄   data are available for most detector materials (air, silicon, and carbon). A perfect 
detector should be water equivalent and would not be affected by variations in  
   
 ⁄   and 
(  ⁄    from low energy photon contributions (20). 
 
iii. Spatial resolution 
 
The measurement device should offer good spatial resolution in at least one dimension. The 
need for spatial resolution is normally determined by the gradients in the quantity that is 
going to be measured. A suitable detector in terms of spatial resolution results in a trade-off 
between a high signal to noise ratio (SNR) and the size of the detector (7). This trade-off has 
a huge impact in the accuracy of the measurement, more especially in challenging conditions 
of steep dose gradients (30). When the size of the ionization chamber increases, the spatial 
resolution decreases (7). 
 
iv. Dose Linearity 
 
A dosimeter reading should be linearly proportional to the dose rate that is relevant to the 
techniques that will be employed (38). The signal of the detector (A) versus the dose rate ( ̇) 
can be represented by the following equation: 
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           ̇
 ……………………………………………………………………………1 
When ∆ = 1, the relationship becomes linear. Adark is the signal as a result of the dark current 
of the detector and R is the detector specific constant. The boundaries to the range are 
determined by the background reading (zero dose/noise) at the lower end and the possible 
over response of the detector until a final saturation of the signal has been achieved at high 
doses (39).  
 
v. Perturbation 
 
Perturbation of the electron fluence in the medium will always exist when there is a detector 
present in the irradiated medium (40). The size of the detector has a perturbing effect on the 
photon fluence unless the detector has ideal tissue equivalent properties. Perturbation that is 
caused by a detector is normally considered as a shift from Bragg-Gray Cavity theory. If the 
size of cavity is smaller than the range of the charged particles, this means that the cavity is 
not perturbing the photon fluence (41). When the size of the field decreases, charged particle 
equilibrium is no longer achieved and the conditions for cavity theory fail due to the changes 
in lateral scatter conditions. When a detector is positioned within a small field, it causes 
perturbation that is difficult to quantify because the major source of the effect is the 
disturbance of photon fluence. The use of large field replacement correction factors is not 
possible because the perturbation is highly dependent on the detector shape (42). 
Perturbation factors in small field dosimetry are very important. Reference dosimetry is 
generally performed by using the absorbed dose to water calibration factor ND,WQ0 obtained in 
a 10 cm × 10 cm reference field size using a reference beam (usually Q0 = 
60
Cobalt beam).  
The dose in reference conditions at a different beam quality Q is obtained by applying the 
beam quality correction factor (KQ,Q0).  
When using the IAEA Technical Report Series Number 398 (IAEA TRS 398) CoP (43), 
ionization chambers are positioned with the centre at reference depth (zref) and the correction 
factor for perturbation (Pdis) is applied in kQ,Q0. This is because the ion chamber disturbs the 
electron fluence at a point closer to the radiation source than zref. In small field dosimetry, a 
different conversion is introduced for the determination of dose at the reference depth. Figure 
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1.4 shows that the central electrode influence is dealt with first by applying the electrode 
perturbation correction factor (Pcel).  Secondly, the wall influence is removed by applying the 
wall perturbation factor changing the wall to water. Thirdly, the air volume is replaced by 
water. Finally, the volume averaging over the large water volume is compared with a small 
voxel (44).  
 
 
 
 
 
 
 
 
 
 
 
 
―The perturbation factors are therefore: 
 The central electrode perturbation factor Pcel, 
 The wall perturbation factor Pwall 
 The fact that the cavity is air‐filled instead of water 
 The volume averaging due to the relative large water volume. Pvol,w is the perturbation 
for the relative large replacement water volume of the detector compared to a 1 mm
3
 
voxel‖ (45). 
 
 
cel wall H2O-air vol 
ρcel ρwall ρair,
w 
ρvol 
Figure 1.4: A diagrammatic representation of perturbation correction factors as they are 
applied to ionisation chambers in small fields. The central electrode effect is investigated by 
removing the electrode. Wall effect is removed by changing the wall to water and the air 
volume is replaced by water. Lastly, the volume averaging over the large water volume is 
compared to a 1 mm
3
 voxel (44). 
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vi. Angular response 
 
The response of a detector should not depend on the orientation of the detector with respect to 
the incident beam axis. The variation due to the detector orientation should not be more than 
+ 0.5 % for + 60
° 
beam incidence relative to the axis of the detector (7). This makes precise 
detector positioning at the point of measurement a lot more important than when performing 
dosimetry in conventional fields. (5). 
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Chapter 2. Literature Review 
 
An International CoP for Static Small Field Dosimetry is due to be published by the IAEA in 
collaboration with the AAPM (46). Current clinical absorbed dose to water CoPs such as the 
AAPM Task Group Number 51 (AAPM TG-51) (47) and the IAEA TRS-398 require 
dosimetry to be performed under reference conditions. In small photon fields, these 
conditions cannot be satisfied. To solve this problem, a new formalism for small photon and 
composite fields has been presented by IAEA and AAPM. It introduces the concept of two 
new intermediate calibration fields, which will be used in small field dosimetry (46).  
A number of dosimeters and detectors have been developed for small field dosimetry which 
improve on the spatial resolution, perturbation effects, volumetric effects and/or sensitivity as 
compared to the dosimeters and detectors that are employed for conventional dosimetry of 
high energy photon beams (46). The new CoP advises a range of detectors that are more 
suitable to perform these dosimetric measurements in small field beams (3;52;).  
A rising number of external beam treatment methods make use of very small radiation fields. 
On the other hand, stereotactic radiosurgery (SRS) has been used for many years. Newer 
approaches include Stereotactic body radiotherapy (SBRT), intensity modulated radiation 
therapy (IMRT) and volumetric arc therapy (VMAT) (5). Alfonso, et al. (46) pointed out that 
in small fields, clinical dosimetry has more uncertainty than in conventional beams. 
Aspraddakis, et al (48) showed that serious dosimetric errors have negatively affected many 
patients when small fields were employed in the delivery of high radiation doses. Dosimetric 
errors were often caused by reference conditions that were recommended by classical CoPs 
which were not established in some treatment units (49).  
As highlighted by Wuerfel (5), small field dosimetry invalidates Bragg Gray cavity theory 
conditions of traditional dosimetry. Two types of intermediate calibration conditions were 
then suggested, one being the machine-specific reference field (fmsr) and the other the plan-
class specific reference field (pcsr). For fmsr, Alfonso et al (46) assumes that a reference field 
condition can be delivered by a static beam at the user’s facility. It was designed to address 
the calibration needs of stereotactic radiosurgery but can also be used for IMRT systems that 
cannot deliver the standard 10 cm × 10 cm reference field.
 
For fmsr fields three approaches 
are recommended in order of preference:  
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 The use of an ionization chamber calibrated specifically for the fmsr field,  
 the use of an ionization chamber calibrated in a conventional reference field with a 
generic correction factor for the fmsr field,  
 the use of an ionization chamber calibrated in a conventional reference field with the 
product of a correction factor for a virtual reference field and a correction factor for 
the difference between the fmsr and virtual fields (46; 50; 51). 
 Dieterich et al (52) defines the pcsr field as the field that can be used in conjuction with an 
fmsr calibration or as a stand-alone. The pcsr field consists of a combination of multiple 
fields, which is close to a clinical class of patient plans (e.g. prostate plan). Pcsr fields should 
deliver a homogenous dose to an extended volume such that the dose can be measured 
without incurring errors from perturbation and volume averaging effects. The advantage of 
using the pcsr field method is the overlay of individual beams that compensates for the lack 
of dose homogeneity and electron equilibrium in large penumbral regions of  small fields. 
Alfonso et al (46) and  Dieterich et al (52) add that for any clinical radiation teletherapy unit 
used with small fields, a standard reference dose calibration using CoPs such as IAEA TRS-
398 or AAPM TG-51 should be used, if it is available. If a 10 cm × 10 cm square field is 
unavailable, (fmsr) and (pcsr) fields should be used. Figure 2.1 demonstrates the concept 
proposed as a flow chart diagram. 
 
Figure 2.1: Flow chart diagram of the concept proposed describing the absolute dose 
calibration concept for small field sizes (8). 
 
SRS Device 
10×10cm2 
field size 
exists 
Employ 
IAEA TRS-
398 or TG-51 
10×10cm2 
field size 
non-existent 
Machine-
specific ref 
field (fmsr) 
Plan-class 
specific ref 
field (fpcsr) 
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2.1 Detectors 
 
Accurate dosimetric characterization of clinical radiation beams is crucial for accurate 
dosimetry. The accuracy requirement is compounded when dose is delivered through multiple 
small field beamlets (34).  
Different detectors have different properties and advantages when used in small field 
measurements. The ionization chamber is the most widely used detector for accurate absolute 
dosimetry (53). An ionization chamber has a gas volume that is found between the two 
electrodes: anode and cathode. These electrodes are connected to high voltages of 100 V to 
1000 V. When this gas volume is irradiated, positive charge carriers and negative charge 
carriers are created. The positive charge carriers are attracted to the cathode electrode and the 
negative charge carriers are attracted to the anode electrode thus creating a current which is 
measured by the use of an electrometer (54). Figure 2.2 shows a schematic diagram of a 
thimble chamber.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: A thimble chamber having a central electrode (anode) and a cylindrical chamber 
wall (cathode). A guard on the central electrode potential limits the stem effect and dark 
current. An electrometer is connected (54).  
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2.2 Advantages and disadvantages of different detector types for small field dosimetry.
 
 
Diode detectors feature the highest response per volume of all common detector types. The 
size of their sensitive volume is usually small enough to avoid dose volume effects down to 
very small fields. However, their directional response and their response to low energy 
scattered photons is sometimes not ideal. To reduce the effect of low energy photons, silicon 
diodes are available in a shielded design where the shield reduces the signal from these 
photons for instance. In small fields the low energy scatter contribution is low, hence diode 
shielding is not needed and unshielded diodes are also recommended for small fields (34).  
Medium-size vented ionization chambers have a sensitive volume between 0.1 cm³ and 1.0 
cm³. Their only disadvantage is the relatively large size which can lead to a larger volume 
averaging effect. They are ideal for small field dosimetry down to field sizes of 3 cm × 3 cm, 
depending on the model in question. Small-size air filled vented ionization chambers 
(Pinpoint chambers) have a sensitive volume of the order of 0.01 cm³. They can typically be 
used for dose measurements in fields down to 2 cm × 2 cm. Care must be taken if pinpoint 
chambers are used in very large fields where stem and cable effects become important. 
Ionization chambers with steel electrodes demonstrate stronger energy dependence (5). Li et 
al (55) explains that an ionization chamber with build-up caps made of aluminium, copper, 
lead or Polytetrafluoroethylene (PTFE) are used in order to measure small fields, achieve 
electron equilibrium and to achieve sufficient effective depth of the measuring point to 
measure beyond the range of contaminant electrons.  
Scott et al (56) compared spherical pinpoint chambers and how they influence perturbation 
factors. The PTW 31016 3D had smaller perturbation factors than other pinpoint ionization 
chambers such as PTW 31006, PTW 31014, and PTW 31015. In addition, Scott et al (56) 
determined large polarity effects in small field sizes when pinpoint chambers were used.  
Swanpalmer et al (57) highlighted that the cylindrical ionization chamber radius of the air 
cavity plays a role in influencing the mass ionization in the depths of 5 cm and 10 cm. This 
concludes that normalization of the depth ionization curves at depth of maximum for 
cylindrical chambers with air cavity radii is not valid. Pisature et al (58) added that phantoms 
with low densities lead to higher perturbation effects as the difference in the range of 
secondary charged particles between the medium and the ionization chamber increases.   
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Chapter 3. The challenges of small photon fields 
 
3.1 Definition of Output Factors  
 
Output factors are utilized to characterize changes in dose rate as the field size changes. The 
relative output factor (OF) is defined as the ratio of the dose in (Dw) for a certain field size (F) 
at a reference depth (d) to the dose at the same point and depth for the reference field size 
(Fref). OF can be calculated using equation 7 below: 
   
      
         
………………………………………………………………………………...7 
In most cases the reference field is normally set to be 10 cm × 10 cm. For the reference field, 
the OF = 1 at any given depth. Field sizes that are greater than the reference field (> 10 cm × 
10 cm), OF > 1, but for the field sizes less than the reference field as in the case of this report, 
OF < 1 (34). The setup for determining the relative output factors measurements is shown in 
Figure 3.1.  
 
 
 
 
 
 
 
 
 
 
SAD 
PHANTOM 
Reference 
depth 
Small field 
Reference field 
10 cm × 10 cm 
Figure 3.1: Positioning of a detector for the determination of relative output factors in a water 
tank at a fixed depth for reference field size and small field size (61). 
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As the field size changes, spectral changes in standard linear accelerators and cobalt units can 
occur due to differences in the exposure of the flattening filter (in case of LINACs) and 
scatter from the collimators. In small fields, the photon fluence across the field is not 
uniform. It has two or more overlapping penumbra regions (59). This leads to a beam profile 
with no area of uniform dose in which to position the detector which is in contrast to a larger 
reference field (6 cm × 6 cm or 10 cm ×10 cm). These conditions can assist in defining an 
ideal detector as one that has a uniform spectral response and a high SNR while being 
considered ―small‖ enough (7). All detector signals average the response over the volume. A 
large detector will average the dose resulting from a signal in the centre of its volume that is 
different from a signal from a very small detector (5). This is known as the averaging effect 
(Volume Effect). The consequence of the averaging effect is that the dose at the field center 
is underestimated and the width of the penumbra measured from a beam profile appears 
wider than it really is (53).  
Output factors of high-energy x-ray machines characterize the relative variation in dose with 
the size of the field normalised to a reference field size at a given depth in a phantom. Output 
factor is therefore a combination of collimator scatter factor, head-scatter factor and 
phantom-scatter factor (53; 55). Measurements of output factors in small fields with different 
detectors has resulted in discrepancies of the order to 20% (53) as shown in Figure 3.2.  
 
Figure 3.2:  An example of the difference in the output factors obtained when using a Diode, 
Semiflex 0.125 cm
3
 ionization chamber, a diamond detector, a Pinpoint 0.015 cm
3
 ionization 
and a microLion ionization chamber in a 6 MV beam (53). 
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3.2 Partial Occlusion of the direct beam source 
 
The term penumbra in general terms means, the region at the edge of a radiation beam, over 
which the dose rate changes rapidly as a function of distance from the beam axis. The 
penumbra width in a beam profile is described as the distance between the 80% and 20% 
isodose levels (10). The profile is made up of three components: the primary beam, geometric 
penumbra and the dosimetric penumbra. In a 
60
Cobalt unit the high geometric penumbra is 
the result of the radiation source not being a point source (60). In small fields, the penumbra 
narrows increasingly as the collimator settings are reduced leading to the entire field being 
considered to be penumbra (7).  
 
A collimator structure is made to adjust the size and shape of the beam in order to meet the 
requirements of different treatment techniques (61). The continuously adjustable diaphragm 
consists of two pairs of heavy metal blocks (X and Y jaws). Two forms the upper and the 
other two forms the lower jaws of the collimator system. Each pair can be operated 
independently to obtain a square or a rectangle shaped field at the isocentre of the machine 
(20). When the inner surface of the blocks is made parallel to the central axis of the beam, the 
radiation will pass through the edges of the collimating blocks resulting in what is known as 
transmission penumbra. Transmission penumbra cannot be removed completely but can be 
reduced by shaping the collimation blocks such that the inner surface is always parallel to the 
edge of the beam. The second type of penumbra is known as the geometric penumbra and is 
illustrated in figure. The geometric width of the penumbra (Pd) at any depth (d) from the 
surface of a patient can be determined by using similar triangles ABC and DEC (61).  
 
From Figure 3.3 we have: 
 
 
  
  
 
  
  
 
  
  
 
  
  
 
        
  
…………………………………………………………….5 
 
 
 
If AB = s, the source diameter, OM = SDD, the source to diaphragm distance, OF = SSD, the 
source to surface distance, then from equation 5, the penumbra DE at depth (d) is given by: 
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The penumbra at the surface can be calculated by substituting d = 0 in equation 6. Equation 6 
shows that the penumbra width increases with increase in source diameter, SSD, and depth 
but decreases with an increase in SDD (61). The geometric penumbra is independent of field 
size as long as the movement of the diaphragm is in one plane, that is, SDD stays constant 
with increase in field size (62). ―With SDD as a vital parameter in determining the penumbra 
width, penumbra trimmers can increase SDD reducing penumbra width. Penumbra trimmers 
consists of heavy metal bars to absorb or scatter (attenuation) the beam in the penumbra 
region making beam edges to be sharp. The last penumbra is known as the physical 
penumbra. Physical penumbra width can be defined as the lateral distance between two 
specified isodose curves at a specific depth (62)‖. 
Photon fluence that is generated by either a Cobalt unit or an electron linear accelerator 
consists of a direct beam of radiation originating from a radiation source or at the target level 
Figure 3.3: The geometric penumbra (which results from the source diameter) may be 
reduced by employing a source capsule with 1.5 cm or less. The penumbra width increases 
with an increase in source diameter, SSD and depth but decreases with an increase in SDD. 
The geometric penumbra however, is independent of field size as long as the movement of 
the diaphragm is in one plane, that is, the SDD stays constant with increase in field size (61).  
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(focal spot) respectively. Indirect beam radiation (extra-focal spot radiation) occurs as a result 
of photons that have been scattered by the machine elements situated below the target. These 
elements include the primary collimator, flattening filter (LINACs), monitor chamber 
(LINACs) and the secondary collimator. Figure 3.4 shows how extra-focal radiation can 
contribute up to 8% of the beam output for a 6 MV beam (63). The focal spot radiation can be 
characterised by the full width at half maximum (FWHM) of the bremsstrahlung photon 
fluence distribution and is represented by a Gaussian distribution (5; 34; 48). 
 
 
 
 
 
 
 
 
 
Figure 3.4: The properties of a conventional field. The radiation source is clearly visible at 
the point of measurement, where the detector is positioned. The dose at the centre of the field 
is uniform. (45). 
As the collimator settings are decreased, the extra-focal radiation contribution becomes less 
important to the measured dose. The focal spot becomes occluded by the flattening filter or 
monitor chamber (in case of LINACs) and by the collimating jaws or added multi leaf 
collimators (in 
60
Cobalt teletherapy unit and LINACs) when it is viewed at the point of 
measurement. The primary photons  that  reach the detector are reduced with decreasing field 
size. No such reduction occurs for broad fields and the detector  receives the full output from 
the primary beam (63). See Figure 3.5. 
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Figure 3.5: Properties of a small field. When the field size is minimised to small field size, 
the small opening of collimators blocks the extended radiation source partially. The dose at 
the centre of the small field is non-uniform. (10). 
 
3.3 Charge Particle Equilibrium 
 
When high energy photons interact in a medium, the atoms of the medium are ionized setting 
into motion high speed primary electrons. These electrons may in turn ionize the surrounding 
atoms thereby generating secondary electrons (61). Charged particle equilibrium (CPE) or 
more appropriately termed as electronic equilibrium, is said to exist in a volume (v) in a 
medium if each electron leaving (v) is replaced by an electron of the same energy entering 
(v). When the beam radius is small compared to the maximum range of secondary electrons, 
CPE is lost (20). Figure 3.6 illustrates the concept of CPE when photon beams irradiate a 
medium. 
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Figure 3.6: The concept of the charged particle equilibrium (CPE). When CPE exists, each 
charged particle (e1) carrying energy (E) out of volume with the gas (cavity), the energy lost 
is compensated by another charged particle (e2) carrying the same amount of energy into the 
volume (64). 
 
3.4 Lateral Electronic Equilibrium 
 
Figure 3.5 shows a beam of high-energy photons incident on a medium and illustrates the loss 
of lateral electronic equilibrium (LEE). The photon beam is assumed to be infinitely sharp, 
meaning it has zero geometric penumbra (65). ―When the incident photons interact with the 
absorber, point A, well inside the beam, it receives an equal number of electron tracks from 
the left and from the right. On the other hand point B which is to the right of point A, is still 
inside the photon beam but receives fewer electrons from the right than from the left. Point B 
therefore receives a lower dose than point A. Point C is completely outside the photon beam, 
but still occasionally receives electrons hence the dose there increases from zero to a finite 
value. Loss of LEE therefore results in an effectively broadened penumbra. 
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Figure 3.7: The loss of lateral electronic equilibrium (LEE) close to the edge of a high 
energy photon represented by the dotted lines (34).
 
 
At the bottom of Figure 3.7 is a corresponding dose profile for a conventional photon beam. 
When a photon beam has a small radius, its dose profile not only becomes narrower but it 
becomes steeper such that the small field photon beam becomes entirely the penumbra, a 
narrow, steep region of non-uniform dose (34)‖.  
 
3.5 Polarity effect 
 
The polarity effect occurs because electrons can be detected on the collecting electrode of the 
ionization chamber, the chamber stem and sometimes it is because of the ionization chamber-
electrometer combination (36; 66). Many ionization chambers show polarity effects from the 
material used for the collection electrode. Polarity effect can be described as the ratio of the 
A 
A 
B 
B 
C 
hv 
Photon 
interactions 
Electron 
tracks 
C 
Photon 
beam 
Absorbed 
dose 
30 
 
absolute value of the positive | ̅   
 | and negative | ̅   
 | polarity. | ̅   | is the 
electrometer reading measured with the polarity used routinely, it can either be positive or 
negative. Polarity effect can be accounted for by taking measurements at both polarities (43). 
The polarity correction factor (kpol) can be determined by the following equation: 
     
| ̅   
 | | ̅   
 |
 | ̅   |
…………………………………………………………………………..8 
 
3.6 Ion recombination and Collection efficiency 
 
Ionization chamber design may result in positive and negative ions in the same track getting 
recombined. Ionization loss then occurs and this process is known as the ion recombination. 
At very high ionization intensity such as pulsed beams, high recombination losses occur 
causing a negative impact on the ion collection efficiency (61). Collection efficiency is the 
ratio of the number of ions collected to the number of ions produced (67). When operating 
voltages of an ionization chamber are increased to the saturation point, ion recombination no 
longer occurs and the ionization chamber is said to be saturated (68). 
Lang et al (69) described a method of determining ion collection efficiency. In this method, 
measurements are made at two unique voltages, one voltage is normally the commonly used 
operating voltage and the other is a much lower voltage at which ion recombination is likely 
to occur.  
For continuous photon beams such as 
60
Cobalt beams, the ion recombination correction factor 
can be determined using the relation: 
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Where (M1) and (M2) are the corrected electrometer readings respectively, with (    being the 
normal operating voltage and      is the lowered voltage  (43). 
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3.7 Determination of the small field equivalent square 
 
In order to be able to measure output correction factors for  small photon fields , cross-plane 
and in-plane dosimetric field widths are determined from the Full Width at Half Maximum 
(FWHM) at the detector measurement depth, i.e. 10 cm. For rectangular small fields with 
cross-plane and in-plane FWHMs that are not similar, the small field effective square (EQS) 
is determined by the geometric mean: 
    √   ………………………………………………...……………………………..10 
Where A and B are the in-plane and cross-plane dosimetric field widths, defined as the 
FWHM at the measurement depth (70). The constraint     
 
 
     should be applied when 
using equation 10. 
For circular small field sizes with FWHM radius (r), the following equation is used: 
     √        ……………………………………………………………………...11 
Where r is the radius of the circular field defined by the points where, on average, the dose 
levels amounts to 50% of the maximum dose at the measurement depth (70).  
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Chapter 4. Materials and Methodology 
 
4.1 Types and Properties of Radiation Detectors used. 
4.1.1 Ionization Chambers: PTW-31006 pinpoint 0.015 cm
3
 
 
 
Figure 4.1: The small-sized PTW 31006 pinpoint 0.015 cm
3
 therapy chamber for dosimetry 
in high-energy photon beams that was used in this study. 
The pinpoint ionization chamber (shown in Figure 4.1) is recommended for dosimetry in 
small fields (71). It is used in intensity modulated radiotherapy and stereotactic beams. It has 
a high spatial resolution and the chamber axis is positioned perpendicular to the incident 
beam. It is waterproof, fully guarded and can be used in air, solid phantoms and water 
phantoms. 
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4.1.2 PTW-31016 3D pinpoint 0.016 cm
3
 
 
Figure 4.2: An ultra small-sized pinpoint therapy chamber with 3 dimensional characteristics 
for dosimetry in high-energy photon beams. 
The pinpoint 3D ionization chamber (shown in Figure 4.2) is recommended for dose 
measurements in small fields and is mostly used in Intraoperative radiation therapy (IORT), 
IMRT and stereotactic beams (72). It has 3 dimensional characteristics which allow it to be 
used to measure dose in a parallel or perpendicular orientation. It is waterproof, fully guarded 
and can be utilized in air, solid phantoms and water phantoms (54).  
4.1.3 PTW-31010 semiflex 0.125 cm
3
 
 
 
Figure 4.3: A PTW 31010 semiflex 0.125 cm
3
 standard therapy chamber for scanning 
systems and for relative and absolute dosimetry. 
The semiflexible chamber (shown in Figure 4.3) is the perfect compromise between a small 
size for reasonable spatial resolution and a large sensitive volume. It is one of the most 
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commonly used chambers in automated beam scanning systems. The sensitive volume is 
approximately spherical resulting in a flat angular response and a uniform spatial resolution 
along all three axes of a water phantom (71). 
4.1.4 PTW-30013 Farmer 0.6 cm
3
 
 
Figure 4.4: A PTW 30013 waterproof therapy chamber for absolute dosimetry in high-energy 
photon, electron and proton beams with sensitive volume of 0.6 cm
3
, vented to air (54). 
Farmer-type ionization chambers (e.g. as shown in Figure 4.4) are one of the most popular 
used cylindrical ionization chambers for absolute dose measurements in radiation therapy 
(20). Correction factors needed to determine absorbed dose to water or air kerma are 
published in the dosimetry CoPs. The PTW 30013 is a waterproof chamber (71). PTW 
ionization chambers have a calibration traceable to the primary standards of Bureau 
International de Poids et Mesure (BIPM), Paris (73). In addition, PTW calibration laboratory 
is recognized internationally as one of the leading Secondary Standard Dosimetry 
Laboratories in the world (SSDLs) (54).  
 
4.2 Methodology 
 
Routine quality control procedures such as: checking of safety (door interlocks, radiation 
room monitor), dosimetry (output constancy), mechanical checks (collimator settings, gantry 
level, cross hair centering) (74) of the unit were carried out before all sets of measurements 
were performed for this study. The measurements were all performed on an 80 cm source-
axis distance (SAD) 
60
Cobalt unit (MDS Nordion Equinox, S/N 2009). This unit had a 
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minimum square set field size limitation of 1 cm × 1 cm. The gantry alignment was first 
checked using a spirit level. The ambient pressure and temperature of the water in the 
phantom were measured using a calibrated Lufft Opus 20 temperature, humidity, air pressure 
data logger. An automated MP3 water tank (PTW, Freiburg, Germany) of dimensions 60 cm 
× 70 cm × 50 cm was used. The scanning arm alignment was also checked using a spirit 
level.   
Machine cross hairs were used for the visual initial positioning of the chamber. Each chamber 
was aligned according to the engineering diagram defining the effective point of 
measurement.  The correct central axis alignment for the Output Factor measurement was 
determined from the scanning software. Each small field detector was placed at the central 
axis of the cobalt beam by carefully moving the auto motorized scanning arm of the water 
tank in ±0.1 mm increments. These movements were done for both the in in-plane and cross-
plane profiles used to locate the position of the radiation central axis.  
Cross calibration of each small field chamber was performed against the calibrated Farmer 
chamber at a depth of 10 cm at SAD  in set fields of 10 cm × 10 cm and the virtual fmsr of 6 
cm × 6 cm. The Farmer chamber was calibrated by a secondary standards dosimetry 
laboratory in absorbed dose to water in a 10 cm × 10 cm field in 
60
Cobalt at a depth of 5 cm.  
The cross calibration methodology led to the determination of the virtual machine reference 
field calibration factor (ND,W) for the small field detector, which was then used to determine 
the absolute dose rate in a 4 cm × 4 cm field. Polarity effects and ion recombination 
measurements were performed and applied to the calculated dose measurements. 
Output factors were calculated from the measured relative response of the detectors in series 
of set field sizes: 10 cm × 10 cm, 6 cm × 6 cm, 4 cm × 4 cm, 3 cm × 3 cm, 2 cm × 2 cm and 1 
cm × 1 cm. Three independent setups were done. 
The uncertainty budget was produced from the three independent set-ups that were done 
during the study. Equipment calibration certificates (Type A) and statistical methods (Type 
B) were used to obtain uncertainties. 
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Figure 4.5: The two types of PTW ionization chambers and the PTW MP3 water phantom  
used to determine the OFs, A: PTW 31016 3D pinpoint chamber positioned parallel to the 
central axis of the beam, B: PTW 31010 semiflex chamber positioned perpendicular to the 
central axis of the beam. 
 
Figure 4.6: A PTW Unidos electrometer that was used to measure the charge, a Lufft Opus 
20 temperature, humidity, air pressure data logger device for determining the pressure and the 
temperature in the room, and the mercury thermometer that was used for measuring the water 
temperature in the water tank. All these devices were used for measurements during the 
experiment. 
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Chapter 5. Results analysis and Discussion 
 
5.1: Dose profiles  
 
Beam profile scans were used to determine the radiation field size which is measured in terms 
of the full width at half maximum (FWHM). The profile scans therefore assisted in finding 
the correct positioning of the chambers in all measurement set-ups and in all field sizes. 
Figures 5.1 - 5.3, show the dose profiles for each chamber for a number of field sizes. The 
blue lines correspond to in-plane direction profiles and the red lines correspond to cross-plane 
direction profiles. The ionization chambers were positioned perpendicular to the incident 
beam at the depth of 10 cm and at an SAD of 80 cm. The PTW 31016 3D pinpoint was 
however positioned parallel to the central axis of the beam for all measurements.  
 
 
Figure 5.1: In plane (blue lines) and cross plane (red lines) profiles at a depth of 10 cm for 
field sizes of 10 cm × 10 cm, 6 cm × 6 cm, 4 cm × 4 cm, 3 cm × 3 cm, 2 cm × 2 cm and 1 cm 
× 1 cm in a 
60
Cobalt beam using a PTW 31016 3D ionization chamber, positioned parallel to 
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the central axis of the beam at SAD = 80 cm. The profiles are normalised to the dose at the 
central axis for each field size. 
 
 
Figure 5.2: In plane (blue lines) and cross plane (red lines) profiles at a depth of 10 cm for 
field sizes of 10 cm × 10 cm, 6 cm × 6 cm, 4 cm × 4 cm, 3 cm × 3 cm and 2 cm × 2 cm in a 
60
Cobalt beam using a PTW 31006 ionization chamber, positioned perpendicular to the 
central axis of the beam at SAD = 80 cm. The profiles are normalised to the dose at the 
central axis for each field size. 
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Figure 5.3: In plane (blue lines) and cross plane (red lines) profiles at a depth of 10 cm for 
field sizes of 10 cm × 10 cm, 6 cm × 6 cm, 4 cm × 4 cm, 3 cm × 3 cm and 2 cm × 2 cm  in a 
60
Cobalt beam using a PTW 31010 ionization chamber, positioned perpendicular to the 
central axis of the beam at SAD = 80 cm. The profiles are normalised to the dose at the 
central axis for each field size. 
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Table 1: Calculations of the effective square fields (ESF) for the set field sizes of 10 cm × 10 
cm, 6 cm × 6 cm, 4 cm × 4 cm, 3 cm × 3 cm, 2 cm × 2 cm, and 1 cm × 1 cm using the beam 
profile scans, for the PTW 31010 semiflex 0.125 cm
3
, PTW 31006 pinpoint 0.015 cm
3
 and 
PTW 31016 3D pinpoint 0.016 cm
3
 ionization chambers. Cross-plane (A) and in-plane (B) 
results are shown.   
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5.2 Comparison of the Dose Beam Profiles measurements of all detectors 
 
A comparison of the dose profiles obtained from the three chambers namely PTW 31016 3D, 
PTW 31006, and PTW 31010 is shown in Figures 5.4 - 5.8 for different field sizes. Chambers 
were positioned at the depth of 10 cm and at a SAD of 80 cm. The dose profiles show an 
agreement between the three detectors for the fields of 10 cm × 10 cm, 6 cm × 6 cm, 4 cm × 4 
cm. At 2 cm × 2 cm fields the PTW 31010 shows a broadened penumbra (see from Figures 
5.6 and 5.7. The FWHM (50% of the dose percentage) obtained from the profiles was 
consistent.  
 
 
Figure 5.4.: The dose profiles taken in a water tank from a 
60
Cobalt photon beam. The field 
size was set to 10 cm × 10 cm, at a depth of 10 cm and at a SAD of 80cm . The ionization 
chambers used were: PTW 31016 (Blue), PTW 31006 (Red) and PTW 31010 (Green).  
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Figure 5.5: The dose profiles taken in a water tank from a 
60
Cobalt photon beam. The field 
size was set to 6 cm × 6 cm, at a depth of 10 cm and at a SAD of 80cm. The ionization 
chambers used were: PTW 31016 (Blue), PTW 31006 (Green) and PTW 31010 (Red). 
 
 
Figure 5.6: The dose profiles taken in a water tank from a 
60
Cobalt photon beam. The field 
size was set to 4 cm × 4 cm, at a depth of 10 cm and at a SAD of 80cm. The ionization 
chambers used were: PTW 31016 (Blue), PTW 31006 (Red) and PTW 31010 (Green). 
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Figure 5.7: The dose profiles taken in a water tank from a 
60
Cobalt photon beam. The field 
size was set to 2 cm × 2 cm, at a depth of 10 cm and at a SAD of 80cm. The ionization 
chambers used were: PTW 31016 (Blue), PTW 31006 (Red) and PTW 31010 (Green). 
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Figure 5.8: The dose profiles taken in a water tank from a 
60
Cobalt photon beam. The field 
size was set to 1 cm × 1 cm, at a depth of 10 cm and at a SAD of 80cm. The ionization 
chambers used were: PTW 31016 (Blue), and PTW 31006 (Red). 
 
5.3 Cross calibration  
 
The small field ionization chambers (PTW 31016 3D pinpoint 0.016 cm
3
, PTW 31006 
pinpoint 0.015 cm
3
 and PTW 31010 semiflex 0.125 cm
3
) were cross calibrated against a PTW 
30013 Farmer chamber in a 6 cm × 6 cm virtual msr field at a depth of 10 cm at 80 cm SAD. 
The measured dose to water calibration factors were compared with the chamber calibration 
certificate.  
Table 2 below shows the results obtained. 
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Table 2: Cross calibration results of the small field chambers at 6 cm × 6 cm field size 
calibrated against the PTW M 30013 0.6 cm
3
 Farmer chamber with their uncertainties. 
Chamber NDW 
(Calculated) 
Gy/nC 
Perc 
Difference 
(%∆) 
Uncertainty 
(A) 
PTW 31016 3D 
(Parallel)   
      2.358        2.169     0.00025 
PTW 31016 3D 
(perpendicular) 
      2.367        1.768     0.00013 
PTW 31006 
pinpoint 
      2.466        1.357    0.000062 
PTW 31010 
pinpoint 
semiflex 
     0.3017        5.887     0.0000 
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5.4 Daisy Chain method 
 
The daisy chain method (indirect method) was employed in this work in order to determine 
the dose rate in a 4 cm × 4 cm field using the calibration obtained from the 6 cm × 6 cm msr 
field. The polarity effect and ion recombination correction factors were applied to the daisy 
chain results. Table 3 shows the results obtained. 
Table 3: Dose rate data obtained from the daisy chain measurements on 02/08/2016 in a field 
of 4 cm × 4 cm using a PTW 30013 0.6 cm
3
 Farmer, PTW 31016 3D pinpoint, PTW 31006 
pinpoint 0.015 cm
3
 and PTW 31010 semiflex 0.125 cm
3
 chamber. The measurements were 
performed at the depth of 10 cm, SAD of 80 cm in a water phantom.  
 
Chamber 
Dose rate at Dmax (cGy / min) 
4 × 4 cm
2
 
59.74 + 0.35 
59.82 ± 0.33 
60.41 ± 0.34 
61.11 ± 0.35 
PTW 30013 Farmer 
PTW 31016 3D pp 
PTW 31006 pp 
PTW 31010 
semiflex 
 
 
5.5 Relative Output Factors 
 
5.5.1: Comparison of Relative Output Factor Measurements from all Detectors 
 
Figure 5.8 below shows the uncorrected output factors obtained from the relative response of 
each of the detectors. The relative output factors are normalized at the 10 cm × 10 cm field. 
The response of the PTW 31006 pinpoint 0.015 cm
3
 ionization chamber and the PTW 31016 
3D pinpoint 0.016 cm
3
 is reduced in the 1 cm × 1 cm field. This reduction can be associated 
to the lack of electronic equilibrium and dose averaging effect by the sensitive volume of 
these detectors at small field sizes. In order to get correct results, it is necessary to apply 
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correction factors that will account for the effects associated with the field and detector size. 
The PTW 31010 semiflex 0.125 cm
3
 was not used in the 1 cm × 1 cm field because of its 
large size in comparison to the field.  Interpolated British Journal of Radiology (BJR) 
supplement 25 (2) output factors are also shown. There is a substantial deviation between the 
BJR published data and the relative output factors at all field sizes.  
 
 
Figure 5.9: Comparison of the relative output factors from the PTW 31006 pinpoint 0.015 
cm
3
, PTW 31016 3D pinpoint 0.016 cm
3
 and PTW 31010 semiflex 0.125 cm
3
 with the BJR 
supplement 25 
60
Cobalt published data as a function of field size. The data are normalized to 
the field size of 10 cm × 10 cm. Error bars are shown for the measured data series and 
represent the percentage error with 5% value. 
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5.7: Uncertainty Budget 
 
The uncertainty budget was produced from the three independent set-ups that were done 
during the study. Equipment calibration certificates were used to obtain some uncertainties. 
Type A uncertainties are the uncertainties calculated using statistical methods. Type B 
uncertainties are determined from other methods, e.g. calibration certificates, equipment 
resolution, zero offset, installation, etc. See table 4 for uncertainty budget. 
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Table 4: Uncertainty budget with the type A and type B uncertainties for PTW 31010, PTW 
31006 and PTW 31016 3D small field ionization chambers. The percentage difference was 
1.13% between the independent setups for which the output  factors were calculated.  
Source Estimated Type 
Detector Calibration 3,300% B 
Thermometer Calibration 0,1250% B 
Thermometer Resolution 0,002500% B 
Barometer Calibration 0,1250% B 
Barometer Resolution 0.05000% B 
Dose calibration  0.3000% A 
Daisy chain (setup 1, 2 & 3 
combined) 
0.3400% A 
Polarity  0.04258% A 
Ion recombination  0.0002374% A 
Output factor uncertainties 
(setup 1, 2 & 3) 
1.120% A 
Dose rate 0.6000% A 
Combined Standard  
Uncertainty 
95 % confidence, K = 2  
3,390%  
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Chapter 6. Conclusions  
 
Small field dosimetry in a 
60
Cobalt photon beam using three different models (31010, 31006, 
31016) of PTW small field ionization chambers was investigated. The field sizes were 
created using the secondary collimators of the 
60
Cobalt unit. SAD technique was used and all 
measurements were performed at 70 cm source-surface distance and at a depth of 10 cm in 
water. 
The radiation field size was determined using in-plane and cross-plane beam profile scans. 
The FWHM of the profiles were used to determine the effective square field (ESF) for the 
three ionization chambers. The ionization chambers were initially positioned such that the 
cross wire was at the geometrical point of measurement as defined by the engineering 
diagram. The actual point of measurement of the detectors determined from beam profile 
scans was found to be different from the engineering diagrams.  
A cross calibration was performed for the three small field ionization chambers against  a 
calibrated PTW M30013 0.60 cm
3
 Farmer chamber to achieve traceability. A virtual fmsr 
field of 6 cm × 6 cm was used for the cross calibrations. The dose rate was then determined in 
a 4 cm × 4 cm field using the daisy chain method, and the dose rate obtained from all the 
ionization chambers was 60.27 + 0.34 cGy/min.  
Relative output factors were then measured with the three detectors for set field sizes of  10 
cm × 10 cm,  6 cm × 6 cm, 4 cm × 4 cm, 3 cm × 3 cm, 2 cm × 2 cm and 1 cm × 1 cm. For the 
PTW 31010 the measurements were not done at 1 cm × 1 cm.  For fields larger than 2 cm × 2 
cm, the percentage difference between the output factors measured with the three ionization 
chambers was ± 0.81 %. When comparing the relative output factors, the PTW 31010 
pinpoint 0.125 cm
3
 and PTW 31016 3D pinpoint 0.016 cm
3
 were in close agreement for  field 
sizes of 2 cm × 2 cm, 4 cm × 4 cm and 6 cm × 6 cm. Field output correction factors may be 
required for these ionization chambers in field sizes under 2 cm × 2 cm, however more data 
needs to be obtained from another detector, e.g. a solid state, film or liquid ionization 
chamber, in order to confirm this. 
The BJR 
60
Cobalt data should not be used in small field sizes and should be treated with care. 
Broad field dosimetry data cannot be extrapolated to small and non-standard field sizes or to 
modern teletherapy units.  
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